Mobile phones are used in a variety of situations where environmental noise may in-1 terfere with the ability of the near-end user to communicate with the far-end user. To 2 overcome this problem, it might be possible to use active noise control technology to 3 reduce the noise experienced by the near-end user. This paper initially demonstrates 4 that when an active noise control system is used in a practical mobile phone configu-5 ration to minimise the noise measured by an error microphone mounted on the mobile 6 phone, the attenuation achieved at the user's ear depends strongly on the position 7 of the source generating the acoustic interference. To help overcome this problem, a 8 remote microphone processing strategy is investigated that estimates the pressure at 9 the user's ear from the pressure measured by the microphone on the mobile phone.
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10
Through an experimental implementation, it is demonstrated that this arrangement 11 achieves a significant improvement in the attenuation measured at the ear of the 12 user, compared to the standard active control strategy. The robustness of the active 13 control system to changes in both the interfering sound field and the position of the 14 mobile device relative to the ear of the user is also investigated experimentally. are potentially even more restrictive 3 . Active noise control has also found application in the 25 automotive 4-6 , marine 7-9 and aerospace environments 10,11 .
26
In the mobile phone, or more broadly mobile device application, active noise control has 27 also been of recent interest 12 and this is due to the increasing expectations of mobile phone 28 users in terms of both audio quality and functionality, and communication quality 13 . Mobile 29 phones are often used in acoustic environments with high levels of background noise and,
30
therefore, it is desirable to reduce the interference that this noise causes to the near-end 31 user. This cannot generally be achieved using passive noise control treatments in the mo- 
40
In addition to investigating the performance limitations of a mobile phone based active 41 noise control system using a standard feedforward active noise control strategy, the poten-
42
tial benefit of employing a remote microphone processing strategy is also investigated. In 43 the mobile phone active noise control system, the physical error microphone is inevitably 44 mounted on the body of the mobile phone and, therefore, it is not clear whether controlling 45 the sound at this position will result in a reduction in the noise level at the ear of the user.
46
A similar problem occurs in active headrest systems, where it is not possible to locate the 47 error microphones in the ears of the user. phone active noise control system. In particular, the system employing the remote micro-
Mobile Phone Active Noise Control phone method will be compared to the standard active noise control system in the context 58 of the mobile phone application.
59
In the following section, the architecture of the mobile phone active noise control system 60 is described and in Section III the control strategies are described, which include the feed-
61
forward filtered-reference least mean square (LMS) algorithm with and without the remote 62 microphone strategy. In Section IV the implementation and real-time testing of the active 63 noise control systems are described. In particular, the effect of changes in the primary dis- and practical robustness. In the following section, the feedforward filtered-reference LMS 96 algorithm will be briefly reviewed for the mobile phone control system and subsequently the 97 modified control strategy integrating the remote microphone method will be presented.
98

A. Standard Feedfoward Control
99
The aim of the standard active noise control system is to minimise the pressure measured 100 directly by the error microphone. In a feedforward control architecture, this is achieved by 101 adaptively filtering a reference signal and driving the control loudspeaker to minimise the 102 error signal. In the mobile phone system shown in Figure 1 , the standard feedforward control in this case as the expectation, E, of the squared monitoring error signal, 
where w is the vector of I control filter coefficients given by
r m (n) is the vector of the current and past values of the filtered reference signal, which are
115
given by filtering the reference signal, x(n), by the plant response , g m as
where g m is the vector of I m Finite Impulse Response (FIR) filter coefficients that represent 117 the plant response, and α is the step size or convergence gain.
118
In practice, the plant model used to calculate the filtered reference signal according to In addition, in the mobile application considered here, since the reference sensor is a 126 microphone, there will be acoustic feedback from the control loudspeaker to this sensor and,
127
therefore, this must be cancelled electronically to ensure that the controller operates as a 128 feedforward system, as shown in Figure 2 . The reference signal used in the control filter 129 update equation is thus given by
whereĝ x is the vector of I x FIR filter coefficients that is used to model the response between 131 the control loudspeaker and the reference sensor andx(n) is the signal measured by the 132 reference microphone, which is affected by feedback from the controller.
133
B. Feedforward Control with Remote Sensing
134
In the mobile phone application, it is desirable to control the pressure at the user's ear 135 rather than that measured by the monitoring microphone, which is mounted on the body
Mobile Phone Active Noise Control of the device and, therefore, at some distance from the user's ear. The cost function in this 137 case is given by
where e e (n) is the error signal measured at the user's ear. In practice, it is generally not given by
whered e (n) is an estimate of the disturbance signal that would be measured at an error 146 microphone located in the ear andĝ e is a model of the plant response between the control 147 loudspeaker and the ear error microphone. According to the remote microphone method, the 148 disturbance at the ear can be estimated from the disturbance at the monitoring microphone 149 via the linear observation filtering operation given by
where o is the vector of I o observation filter coefficients and d m (n) is the vector of the 
The optimal value of the observation filter coefficients, o, can be calculated by minimising the 155 expectation of the squared error defined as the difference between the physical disturbance at 156 the ear, d e (n), which can be measured directly as part of a preliminary controller calibration 157 process, and the estimated disturbance at the ear,d e (n). In practice it is necessary for this 158 observation filter to be causally constrained and the optimal filter is given in this case by
where
is the autocorrelation matrix corresponding to the disturbance signals at the monitoring 161 microphone and
is the vector of cross correlations between the disturbances measured at the ear error micro-163 phone and the monitoring microphone.
164
Having estimated the error signal at the ear position using the remote microphone method 165 described above, it is then possible to implement the filtered-x LMS algorithm as described in 166 the previous section, but with a modification so that the controller minimises the estimated 167 error signal at the ear location. In this case the practical version of the filtered-x LMS 168 algorithm is given by 
The full implementation of the feedforward controller, employing the remote microphone 
IV. MOBILE PHONE ANC IMPLEMENTATION AND TESTING
180
To test the performance of the standard feedforward controller and the feedforward con- In the first instance, the plant responses between the control loudspeakers and the moni- which gives close to the fastest convergence speed, and the performance has been measured 221 after the controller has adapted for 10 seconds. 
247
The difference in the control performance achieved when the primary sound field is gen- here. From these responses it can be seen that there are significant differences between the 292 optimal filters for the different sound field conditions in terms of both the magnitude and 293 phase responses across the full frequency range. Therefore, it is important to consider how 294 the performance of the controller employing the remote microphone method is affected when 295 a fixed observation filter is utilised for different primary disturbance conditions. 296 297 Figure 11 shows the performance of the standard controller and the control system em-298 ploying the remote microphone method when the observation filter has been calculated for 299 a primary disturbance generated by driving all 6 primary sources with uncorrelated white 300 noise. Figures 11a and 11b show the performance at the ear and the monitoring error micro-301 phones for the two controllers when the primary disturbance is generated by driving source i.e. a broadband attenuation of 0 dB. The controller using the remote microphone method, 315 however, does achieve a peak attenuation of 12 dB, compared to 9 dB for the standard 316 controller.
318
?From the results presented in Figure 11 , where there is a change in the primary sound responses. In addition, there will also be some modification in the disturbance signal and, 341 therefore, the observation filter will no longer be optimal, as discussed above. However, it 342 has been found that a change in the phone position has a much smaller influence on the 343 optimal observation filters than changes in the primary sound field. Figure 12 shows the achieved at the user's ear compared to a standard active noise control system, which min-
371
imises the pressure at an error microphone mounted on the mobile phone rather than at the 372 user's ear directly.
373
In the first instance, the performance of the two controllers has been investigated in terms and the head. Nevertheless, it has been shown that, when the reference signal provides 382 sufficient time-advance, both systems are able to achieve significant levels of control at the 383 error sensor, but that the remote microphone method is able to provide improved control at 384 the ear position.
385
In practice there are likely to be uncertainties in both the plant responses and the knowl- position, but is significantly degraded when the phone is moved further away from the ear.
413
In order to achieve the maximum level of control performance it is thus necessary to update 414 the plant response models used in the controller based on the position of the phone relative 415 to the ear. It may be possible that this could be achieved using some form of image-based 416 tracking to determine the location of the phone relative to the user's ear.
417
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